The CERN Antiproton Decelerator (AD) provides antiproton beams with a kinetic energy of 5.3 MeV to an active user community. The experiments would profit from a lower beam energy, but this extraction energy is the lowest one possible under good conditions with the given circumference of the AD. The Extra Low Energy Antiproton ring (ELENA) is a small synchrotron with a circumference a factor of 6 smaller than the AD to further decelerate antiprotons from the AD from 5.3 MeV to 100 keV. Controlled deceleration in a synchrotron equipped with an electron cooler to reduce emittances in all three planes will allow the existing AD experiments to increase substantially their antiproton capture efficiencies and render new experiments possible. ELENA ring commissioning is taking place at present and first beams to a new experiment installed in a new experimental area are foreseen in 2017. The transfer lines from ELENA to existing experiments in the old experimental area will be installed during CERN Long Shutdown 2 (LS2) in 2019 and 2020. The status of the project and ring commissioning will be reported.
This article is part of the Theo Murphy meeting issue 'Antiproton physics in the ELENA era'.
Introduction
Low-energy antiproton physics has a long tradition at CERN starting with the LEAR (Low Energy Antiproton Ring) [1] [2] [3] . This facility was conceived as additional use of the antiproton accumulation complex built and maintained for the operation of the SPS as a protonantiproton collider [4, 5] and delivered mainly beams
ELENA project
The Extra Low Energy Antiproton ring (ELENA) [9] [10] [11] [12] [13] [14] [15] is a small 30.4 m circumference synchrotron at present under commissioning to further decelerate the antiprotons injected from the AD with an energy of 5.3 MeV down to 100 keV in a controlled way. The machine is equipped with an electron cooler to reduce losses during deceleration and generate dense bunches for the experiments. ELENA has been installed inside the existing AD hall (figure 1) and inside the AD ring in an area that had been occupied by generators for the kicker magnets in-between, now relocated in a new annex building. This was a cost-effective solution, as no large new building to house the ELENA ring and new experimental areas was needed and the existing experiments could stay in their locations. Figure 2 shows the layout of the AD hall for ELENA ring commissioning in 2017 and 2018 with the old experiments still connected to the AD. The ELENA ring and the injection line from the AD use conventional magnets, as the injection energy of 5.3 MeV is too high for a compact electrostatic solution. The transfer lines from the ELENA ring to the experiments will be electrostatic. This is a cost-effective solution at the extraction energy of 100 keV. With the lower cost for electrostatic elements, it has been possible to design the transfer lines with many quadrupoles keeping the Twiss betatron functions small and the betatron phase advance large, reducing the sensitivity to perturbations such as the Earth's magnetic field or stray fields from other sources. Main ELENA parameters are given in table 1.
Most of the challenges and particularities of the ELENA project are related to the unusually low energy range between 100 keV and 5.3 MeV for a magnetic synchrotron and the low beam intensities.
-The machine lattice, i.e. the arrangement of the bending and focusing magnets together with their strengths defining the basic beam optics properties, has to fulfil many constraints. A long straight section without focusing quadrupoles is required for the electron cooler and related equipment. The general geometry with one injection and two extraction lines was fixed by the available position in the AD hall. Furthermore, the lattice has to fulfil requirements common to all synchrotrons, such as suitable tunes and sufficient acceptances, and to deal with strong focusing due to bending magnets typical for small machines. The solution adopted is a machine with hexagonal shape and, neglecting focusing generated by the electron cooler, periodicity two with two straight sections without quadrupoles for the cooler and injection. Three quadrupole families allow adjusting the lattice properties. -Electron cooling is an essential ingredient of the concept [16] [17] [18] and will be applied at two different energies: the antiproton beam will be cooled for a first time after deceleration to an intermediate plateau around 650 keV to mitigate losses during the second ramp. Then the beam will be cooled at the final extraction energy of 100 keV. At the extraction energy, electron cooling will first be applied to the coasting beam (RF system off) followed by bunched beam cooling (RF switched on slowly to generate bunches) in order to reduce the energy spread of the bunches with the short bunch lengths of less than 300 ns required by the experiments. The electron cooler is being assembled at CERN and will be installed during the 2017/2018 shutdown. -Intra beam scattering (IBS) is caused by scattering between two beam particles travelling with different velocities. In most realistic machines with optics parameters varying along the circumference and in particular for ELENA [18, 19] , IBS leads to emittance blow-up in all three phase spaces [19, 20] . IBS is expected to determine, together and in equilibrium with electron cooling, the parameters of the beams sent to the experiments. -Direct space charge effects are caused by the Coulomb repulsion of an antiproton and the rest of the bunch. The resulting effect is highly nonlinear with strong defocusing in the centre of the beam. In ELENA, direct space charge effects are a limitation despite the low intensity due to the low energy, the small transverse emittances and the short bunch lengths required by the experiments. The initial motivation to split the available intensity in one machine cycle into four bunches, which can be sent to four different experiments, was a mitigation measure to reduce this direct space charge effect by about a factor of 4. The fact that four experiments can receive beam from the same cycle and, thus, be operated in parallel is finally considered an advantage by the user community despite the reduction in intensity per bunch. -At very low energy, the beam is sensitive to perturbations such as magnetic stray fields and imperfections (nonlinearities) of bending and quadrupole magnets, which become more difficult to control at low magnetic field levels due to remanence effects. For example, the Earth's magnetic field leads to significant perturbations of the 'closed orbit' of up to 10 mm in the vertical plane. At the beginning of the project, it had been foreseen to apply 'dilution', i.e. mixing of non-magnetic stainless steel laminations with magnetic laminations, for the main bending magnets; this increases the magnetic flux density in the magnetic laminations and had been expected to reduce hysteresis effects. However, measurements with different quadrupole prototypes led to the unexpected observation that a diluted yoke had the largest remnant field. This empirical observation made first with quadrupole magnets has been observed with bending magnet prototypes as well and finally been understood [20, 21] . The conclusions that magnet yoke dilution does not improve field quality, but rather increases remnant effects and multipolar components, is relevant for any project requiring low-field magnets. As a consequence, the ELENA bending magnets, quadrupoles and sextupoles have been constructed with conventional not diluted yokes using steel with low coercive force. Corrector dipoles have been constructed without magnetic yoke to suppress any effects related to magnetic hysteresis. -Some of the experiments operating superconducting solenoids are located close to transfer lines to other experiments. The resulting stray fields at the location of nearby transfer lines are a significant perturbation, which is even more difficult to handle when the solenoids are ramped up or down [22] . Electrostatic steerers are foreseen and have been found sufficient in simulations to transfer the beams. Magnetic shielding around vacuum chambers in critical areas are further mitigation measures. -Cross sections for scattering on rest gas molecules leading to emittance increase and beam loss are large at low energies. Moreover, the effects have to be evaluated with care as an antiproton is scattered only rarely but by a large angle and, thus, the process cannot be modelled as multiple scattering [23] . With the nominal pressure of 4 × 10 −12 mbar obtained with a carefully designed ELENA vacuum system [24] , rest gas effects are small compared with the dominant performance limitation IBS. -Beam instrumentation to measure properties of the beam is challenging with the small signals generated by the low-intensity and low-velocity beams. For example, the lowest beam currents are well below 1 µA and cannot be measured with a standard DC beam current transformer. Thus, beam currents of the debunched beam (no RF) will be measured with the so-called Schottky diagnostics analysing noise generated by the beam and measured with pick-ups optimized for this purpose [25] [26] [27] [28] . Other monitors to measure the machine tunes and beam positions in the ring and beam profiles in the transfer lines are challenging as well. -The RF system consists of a wide-band magnetic alloy-loaded cavity providing a maximum RF voltage of 500 V, which is largely sufficient for ELENA. The challenge for the RF system is the large dynamic range between the minimum RF voltages to be handled by the control electronics for bunching of the beam and the maximum voltages required [29] . -Ions having the particularly low ELENA extraction energy of 100 keV can be provided by an ion source with a large extraction voltage or electric post-acceleration without any RF structure. Thus, an ion source capable to generate 100 keV H − and proton beams has been installed [30] to allow ELENA commissioning partly without using the precious antiprotons from the AD. The disadvantage is that this implies that ELENA ring commissioning starts at low energy, which is expected to be the more difficult part of the cycle due to the sensitivity of the beam to magnetic perturbations. the low pressures required and hardware tests. All tests using beam from the ion source have been made with H − , nominal magnet polarity and nominal direction of rotation (as for operation with antiprotons in the future). Despite two missing profile monitors in the transfer line from the ion source to the ELENA ring, the beam was seen on a scintillating screen located between the injection septum and the kicker magnet 2 days after start of commissioning with beam. At the end of the first week of commissioning with beam, signals from the position pick-ups indicated that the beam was circulating for a few turns. During the second week of commissioning, the beam has been observed with the position pick-ups for about 2-3 ms. As the RF system was not yet available, it was not clear whether the beam was lost or whether it stayed in the machine, but could not be observed any more as the longitudinal structure had disappeared. Commissioning with beam had to be interrupted due to a technical problem with the ion source.
After the winter shutdown, commissioning with beam resumed in March 2017 with the energy of the H − beam lowered to 85 keV due to technical problems with the ion source. Despite the lower beam energy, beam could again be transported to the ring and observed in the ring for a few milliseconds with the position pick-ups very quickly. Within a few more days, the basic functionalities of the RF system were available, allowing bunching the beam, which could then be observed for a few hundred milliseconds until the start of ramp. Without the not yet available so-called radial loop, a functionality of the RF control electronics to keep the beam centred in the vacuum chamber by adjusting the RF frequency, this loss at the beginning of the ramp was expected.
Typical results obtained with H − beams are shown in figure 3 . Figure 3a shows the sum and difference signal from a position pick-up in peak detection mode over 1 s. The structure of the injected beam generates a spike (at the position of the first marker), which disappears within a few milliseconds as the RF system is not yet switched on. Then the RF is switched on with harmonic two (RF frequency twice the revolution frequency generating two bunches) to capture the beam, leading again to a longitudinal structure such that the beam becomes visible again. After about 700 ms, the scraper used to measure the transverse emittance was activated and intercepted the beam. Figure 3b shows pick-up signals with shorter time scale about 140 ms after injection such that the two circulating bunches, each containing about 0.25 × 10 7 H − ions can be observed.
Most beam diagnostics systems have been tested and were found to work properly at 100 keV. Tests of the scraper, an aperture slowly moved into the beam to measure emittances and beam size, have started. Careful measurements of the tunes for slightly different settings of the three quadrupole families indicate that the optics is reasonably close to expectations.
Main issues encountered were technical problems with the ion source (like sparks damaging power converters) and poor reproducibility of the injection. The installation of the missing monitors in the transfer lines is expected to allow further investigations on these issues. 
Summary and outlook (a) Status
ELENA ring commissioning with beam has started. Both 100 keV and 85 keV H − beams from a dedicated ion source for commissioning and 5.3 MeV antiproton beams from the AD have been injected successfully and used for various tests. Progress made was significant, but less than expected due to technical problems mainly with the source and because the electron cooler was not yet installed. After small hardware modifications (timings and temporary profile monitor acquisition electronics relocated to an extraction line) ELENA will be ready to provide first H − beams to the GBAR experiment located in the new experimental zone before the end of the 2017 run. 
(b) Plans
During the shutdown 2017/2018, the electron cooler and still missing monitors in the already existing transfer lines (magnetic pick-up and profile monitors) will be installed. This will be followed by completion of ELENA ring commissioning. The aim for 2018 is to demonstrate that ELENA works as expected by setting up a full antiproton cycle with electron cooling, deceleration to 100 keV and extraction towards the GBAR experiment. GBAR will be the only user until CERN Long Shutdown 2 (LS2) taking place in 2019 and 2020 (driven by the needs of LHC). During LS2, the magnetic transfer lines from the AD to the experiments in the 'old' experimental area will be dismantled and electrostatic 100 keV transfer lines from ELENA to these experiments will be installed. It is planned to commission the new lines with H − ions from the source during the second half of LS2. Finally, after LS2 from 2021 on, low-energy 100 keV antiprotons will be available for all experiments in the AD hall.
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